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SPACER SHAPER FORMATION WITH
CONFORMAL DIELECTRIC FILM FOR VOID
FREE PMD GAP FILL

CROSS-REFERENCE TO RELAT
APPLICATIONS

s
w

This application 1s a divisional of U.S. Nonprovisional
patent application Ser. No. 13/906,500, filed May 31, 2013,

and claims the priority of U.S. Provisional Patent Application
Ser. No. 61/673,645, filed Jul. 19, 2012, the contents of which
are herein incorporated by reference in 1ts entirety.

FIELD OF THE INVENTION

This mvention relates to the field of integrated circuits.

More particularly, this invention relates to dielectric layers 1n
integrated circuits.

BACKGROUND OF THE INVENTION

Integrated circuits fabricated using advanced complemen-
tary metal oxide semiconductor (CMOS) technology node
features and processes may have metal silicide which over-
hangs the gate sidewall spacer and high aspect ratio openings
between closely spaced gates. Forming the pre-metal dielec-
tric (PMD) layer without voids 1n the high aspect ratio open-
ings may be problematic.

SUMMARY OF THE INVENTION

The following presents a simplified summary 1n order to
provide a basic understanding of one or more aspects of the
invention. This summary 1s not an extensive overview of the
invention, and 1s neither intended to 1dentify key or critical
clements of the invention, nor to delineate the scope thereof.
Rather, the primary purpose of the summary 1s to present
some concepts of the invention 1 a simplified form as a
prelude to a more detailed description that 1s presented later.

An 1ntegrated circuit may be formed by removing source/
drain spacers from offset spacers on sidewalls of metal oxide
semiconductor (MOS) transistor gates, forming a contact
etch stop layer (CESL) spacer layer on lateral surfaces of the
MOS transistor gates, etching back the CESL spacer layer to
torm sloped CESL spacers on the lateral surfaces of the MOS
transistor gates with heights of %4 to 34 of the MOS transistor
gates, forming a CESL over the sloped CESL spacers, the
MOS transistor gates and the intervening substrate, and form-
ing a PMD layer over the CESL.

DESCRIPTION OF THE VIEWS OF TH
DRAWING

(L]

FIG. 1A through FIG. 11 are cross sections of an exemplary
integrated circuit depicted 1n successive stages of fabrication.
FIG. 2A and FIG. 2B are cross sections of the integrated

circuit, depicting an alternate process sequence for formation
of the CESL spacers.

DETAILED DESCRIPTION OF EXAMPL.
EMBODIMENTS

L1l

The present invention 1s described with reference to the
attached figures. The figures are not drawn to scale and they
are provided merely to illustrate the invention. Several
aspects of the mnvention are described below with reference to
example applications for illustration. It should be understood
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2

that numerous specific details, relationships, and methods are
set forth to provide an understanding of the invention. One
skilled in the relevant art, however, will readily recognize that
the invention can be practiced without one or more of the
specific details or with other methods. In other instances,
well-known structures or operations are not shown 1n detail to
avold obscuring the mvention. The present mvention 1s not
limited by the illustrated ordering of acts or events, as some
acts may occur in different orders and/or concurrently with
other acts or events. Furthermore, not all 1llustrated acts or
events are required to implement a methodology 1n accor-
dance with the present invention.

An 1ntegrated circuit may be formed by removing source/
drain spacers from oflset spacers on sidewalls of MOS tran-
sistor gates, forming a CESL spacer layer on lateral surfaces
of the MOS transistor gates, etching back the CESL spacer
layer to form sloped CESL spacers on the lateral surfaces of
the MOS transistor gates with heights of V4 to ¥4 of the MOS
transistor gates, forming a CESL over the sloped CESL spac-
ers, the MOS transistor gates and substrate between the gates,
and forming a PMD layer over the CESL.

The CESL spacer layer may include a first sublayer of
s1licon dioxide and a second sublayer of silicon nitride. Alter-
natively, the CESL spacer layer may be substantially all sili-
con dioxide.

FIG. 1A through FIG. 11 are cross sections of an exemplary
integrated circuit depicted 1n successive stages of fabrication.
Referring to FIG. 1A, the integrated circuit 100 1s formed 1n
and on a semiconductor substrate 102 such as a single crystal
silicon watler, a silicon-on-insulator (SOI) wafer, a hybnd
orientation technology (HOT) water with regions of different
crystal orientations, or other material appropriate for fabrica-
tion of the mtegrated circuit 100. The integrated circuit 100
includes a p-channel metal oxide semiconductor (PMOS)
transistor region 104, and an n-channel metal oxide semicon-
ductor (NMOS) transistor region 106. The integrated circuit
100 may include field oxide 108 at a top surface of the sub-
strate 102 to laterally 1solate components of the integrated
circuit 100.

The PMOS transistor region 104 includes a plurality of
PMOS gate structures 110 disposed proximate to each other.
The PMOS gate structures 110 may be gates of a single
multi-finger PMOS transistor or may be gates of separate
transistors such as occurs 1n a NOR gate 1n a static random
access memory (SRAM) cell. Each of the PMOS gate struc-
tures 110 may include a gate dielectric layer 112 at the top
surface of the substrate 102, a gate 114 for example of poly-
silicon on the gate dielectric layer 112, a layer of metal
silicide 116 on the gate 114, and gate oflset spacers 118 of
s1licon dioxide and silicon nitride on lateral surfaces of the
gate 114. Source/drain spacers 120 of silicon nitride are
formed on lateral surfaces of the gate offset spacers 118.
P-type source/drain (PSD) regions 122 are formed in the
substrate 102 adjacent to and underlapping the PMOS gate
structures 110. Metal silicide 124 1s formed at the top surface
of the substrate 102 over the PSD regions 122. The PMOS
transistor region 104 1s formed 1n an n-type well 126 of the
substrate 102.

Correspondingly, the NMOS ftransistor region 106
includes a plurality of NMOS gate structures 128 disposed
proximate to each other. The NMOS gate structures 128 may
be gates of a single multi-finger NMOS transistor or may be
gates of separate transistors such as occurs in a NAND gate or
in an SRAM cell. Each of the NMOS gate structures 128 may
include a gate dielectric layer 130 at the top surface of the
substrate 102, a gate 132 also of polysilicon on the gate
dielectric layer 130, a layer of metal silicide 134 on the gate
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132, and gate offset spacers 136 of silicon dioxide and silicon
nitride on lateral surfaces of the gate 132. Source/drain spac-
ers 138 of silicon nitride are formed on lateral surfaces of the
gate oflset spacers 136. N-type source/drain (NSD) regions
140 are formed 1n the substrate 102 adjacent to and underlap- 5
ping the NMOS gate structures 128. Metal silicide 142 1s
formed at the top surface of the substrate 102 over the NSD
regions 140. The NMOS transistor region 106 1s formed 1n a
p-type well 144 of the substrate 102.

In one version of the mstant example, the gates 114 of the 10
PMOS gate structures 110 may have gate lengths less than 50
nanometers, and be disposed with less than 100 nanometers
between adjacent instances of the gates 114 of the PMOS gate
structures 110. Similarly, the gates 132 of the NMOS gate
structures 128 may have gate lengths less than 50 nanometers, 15
and be disposed with less than 100 nanometers between adja-
cent mstances of the gates 132 of the NMOS gate structures
128.

Referring to FIG. 1B, a source/drain spacer etch process
removes the source/drain spacers 120 of the PMOS transistor 20
region 104 and the source/drain spacers 138 of the NMOS
transistorregion 106 of F1G. 1A. The source/drain spacer etch
process may include, for example, a wet etch step 1n which the
integrated circuit 100 1s exposed to an aqueous phosphoric
acid solution 146 at 140° C.1t0 170° C., asdepicted in FIG. 1B. 25
Other processes for removing the source/drain spacers 120
and 138, such as an 1sotropic plasma etch using fluorine and
oxygen radicals, are within the scope of the instant example
The gate offset spacers 118 of the PMOS transistor region 104
and the gate oflset spacers 136 of the NMOS transistor region 30
106 are not completely removed by the source/drain spacer
ctch process.

Referring to FI1G. 1C, a first sublayer 148 of a CESL spacer
layer 150 1s formed on an existing top surface of the integrated
circuit 100. In the instant example, the first sublayer 148 may 35
be silicon dioxide. The first sublayer 148 may be formed, for
example, using a sub-atmospheric chemical vapor deposition
(SACVD) process and be substantially conformal on the
PMOS gate structures 110 and the NMOS gate structures 128.
The first sublayer 148 may be, for example, 3 to 7 nanometers 40
thick on lateral surfaces of the gate offset spacers 118 of the
PMOS transistor region 104 and the gate offset spacers 136 of
the NMOS transistor region 106.

A second sublayer 152 of the CESL spacer layer 150 1s
formed on the first sublayer 148. In one version of the instant 45
example, the second sublayer 152 may be silicon nitride. The
silicon nitride version of the second sublayer 152 may be
formed by a plasma enhanced chemical vapor deposition
(PECVD) process using silane and ammonia gases, or may be
formed using a multi-station sequential deposition process 50
similar to atomic layer deposition (ALD), such as the Novel-
lus Contformal Film Deposition (CFD) process. In another
version of the mstant example, the second sublayer 152 may
be silicon carbide, formed by a PECVD process or by a
multi-station sequential deposition process. The second sub- 55
layer 152 may be, for example, 12 to 17 nanometers thick
laterally adjacent to the gate ofiset spacers 118 and 136.

Referring to FIG. 1D, an anisotropic reactive ion etch
(RIE) process 154 using fluorine radicals and oxygen
removes the CESL spacer layer 150 of FIG. 1C from top 60
surfaces of the PMOS gate structures 110 and the NMOS gate
structures 128 and from portions of an existing top surface of
the integrated circuit 100 between the PMOS gate structures
110 and the NMOS gate structures 128, leaving the CESL
spacer layer 150 on lateral surfaces of the PMOS gate struc- 65
tures 110 and the NMOS gate structures 128 to form sloped
CESL spacers 156 which have a height 158 of V4 to 34 of a

4

height 160 of the PMOS gate structures 110 and the NMOS
gate structures 128. The sloped CESL spacers 156 may have
a width 162 of 5 to 15 nanometers at bottoms of the sloped
CESL spacers 156. Forming the CESL spacer layer 150 to
include the first sublayer 148 of silicon dioxide and the sec-
ond sublayer 152 of silicon nitride may provide a desired
shape to the sloped CESL spacers 156.

Referring to FIG. 1E, a CESL 164 1s formed over an exist-
ing top surface of the integrated circuit 100. The CESL 164
may be, for example, 15 to 30 nanometers thick. Due to
presence of the sloped CESL spacers 156, the CESL 164 has
no reentrant surface profiles between the PMOS gate struc-
tures 110 or between the NMOS gate structures 128. Reen-
trant surface profiles have wider separations between facing
surfaces of the CESL 164 closer to the substrate 102 over the
PSD regions 122 or over the NSD regions 140. The CESL 164
may include one or more layers of silicon nitride and may
possibly include silicon dioxide. In one version of the instant
example, the CESL 164 may have a compressive stress
greater than 100 megapascals, which may desirably enhance
drive current of the PMOS transistor region 104.

FIG. 1F through FIG. 1H depict optional additional fabri-
cation steps of the integrated circuit 100, 1n which the CESL
164 of FIG. 1E 1s a first CESL 164, and a second CESL 1s
formed. Referring to FIG. 1F, a first CESL etch mask 166 1s
formed over the PMOS transistor region 104 so as to expose
the first CESL 164 over the NMOS transistor region 106. The
first CESL etch mask 166 may include photoresist and be
formed by a photolithographic process. Subsequently, a first
CESL etch process removes at least a majority portion of the
first CESL 164 over the NMOS transistor region 106. The first
CESL etch process may include an RIE step using fluorine
radicals and oxygen. The first CESL etch mask 166 1s
removed after the first CESL etch process 1s completed.

Referring to FIG. 1G, a second CESL 168 1s formed over
the first CESL 164 and over the NMOS transistor region 106.
The second CESL 168 may be, for example, 15 to 30 nanom-
cters thick. Due to presence of the sloped CESL spacers 156,
the second CESL 168 has no reentrant surface profiles
between the PMOS gate structures 110 or between the NMOS
gate structures 128. The second CESL 168 may include one or
more layers of silicon nitride and may possibly include sili-
con dioxide. In one version of the instant example, the second
CESL 168 may have a tensile stress greater than 100 mega-
pascals, which may desirably enhance drive current of the
NMOS transistor region 106.

Referring to FIG. 1H, a second CESL etch mask 170 1s
formed over the NMOS transistor region 106 so as to expose
the second CESL 168 over the PMOS transistor region 104.
The second CESL etch mask 170 may include photoresist and
be formed by a photolithographic process, similarly to the
first CESL etch mask 166 of FIG. 1F. Subsequently, a second
CESL etch process removes at least a majority portion of the
second CESL 168 over the PMOS transistor region 104. The
second CESL etch process may include an RIE step using
fluorine radicals and oxygen, similarly to the CESL etch
process discussed in reference to FIG. 1F. The second CESL
ctchmask 170 1s removed after the second CESL etch process
1s completed.

Referring to FIG. 11, a PMD layer 172 1s formed over an
existing top surface of the integrated circuit 100, including the
first CESL 164 and the second CESL 168 1f present. The PMD
layer 172 may include, for example, a layer of silicon dioxide,
phospho-silicate glass (PSG) or boro-phospho-silicate glass
(BPSG), 100 to 1000 nanometers thick deposited by PECVD,
and leveled by a chemical-mechanical polish (CMP) process.
An optional PMD cap layer 174 may be formed over the PMD
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layer 172. The PMD cap layer 174 may be 10 to 100 nanom-
eters of a hard material such as silicon nitride, silicon carbide

nitride or silicon carbide. Because the first CESL 164 and the
second CESL 168 have no reentrant surface profiles between
the PMOS gate structures 110 and between the NMOS gate
structures 128, the PMD layer 172 may advantageously be
free of voids between the PMOS gate structures 110 and
between the NMOS gate structures 128.

It will be recognized that in one version of the instant

example, the mtegrated circuit 100 may be formed by the
steps described in reference to FIG. 1A through FIG. 1E and

subsequently FIG. 1H, that 1s, with the second CESL 168. It

will also be recognized that 1n an alternate version, the inte-
grated circuit 100 may be formed by the steps described 1n

reference to FIG. 1A through FIG. 1G and subsequently FIG.
1H, that 1s, with a blanket configuration of the second CESL
168. It will further be recognized that a relative order of
formation of the first CESL 164 and the second CESL 168
may be reversed from the order described 1n reference to FIG.
1E through FIG. 1H.

FIG. 2A and FIG. 2B are cross sections of the integrated
circuit 100, depicting an alternate process sequence for for-
mation of the sloped CESL spacers 156 from the sequence
depicted 1n FIG. 1C and FIG. 1D. Referring to FIG. 2A, the
CESL spacer layer 150 1s formed as a homogeneous layer of
silicon dioxide, 15 to 25 nanometers thick, over an existing
top surface of the mtegrated circuit 100. The CESL spacer
layer 150 may be formed by an SACVD process or by an ALD
process. Forming the CESL spacer layer 150 of a homoge-
neous layer of silicon dioxide may desirable reduce fabrica-
tion cost and complexity of the integrated circuit 100.

Referring to FIG. 2B, the anisotropic RIE process 154
using fluorine radicals removes the CESL spacer layer 150 of
FIG. 2A from top surfaces of the PMOS gate structures 110
and the NMOS gate structures 128 and from portions of an
existing top surtace of the integrated circuit 100 between the
PMOS gate structures 110 and the NMOS gate structures 128,
leaving the CESL spacer layer 150 on lateral surfaces of the
PMOS gate structures 110 and the NMOS gate structures 128
to form the sloped CESL spacers 156 which have aheight 158
of ato 34 ofaheight 160 of the PMOS gate structures 110 and
the NMOS gate structures 128. The sloped CESL spacers 156
may have a width 162 of 5 to 15 nanometers.

While various embodiments of the present invention have
been described above, 1t should be understood that they have
been presented by way of example only and not limitation.
Numerous changes to the disclosed embodiments can be
made 1n accordance with the disclosure herein without
departing from the spirit or scope of the invention. Thus, the
breadth and scope of the present invention should not be
limited by any of the above described embodiments. Rather,
the scope of the mvention should be defined in accordance
with the following claims and their equivalents.

What 1s claimed 1s:
1. A method of forming an 1ntegrated circuit, comprising
the steps of:

providing a semiconductor substrate;

forming a plurality of PMOS gate structures disposed
proximate to each other;

forming a plurality of NMOS gate structures disposed
proximate to each other;

forming source/drain spacers on lateral surfaces of gate
olflset spacers of said PMOS gate structures;

forming source/drain spacers on lateral surfaces of gate
olffset spacers of said NMOS gate structures;
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6

removing said source/drain spacers from said PMOS gate
structures and said source/drain spacers from said
NMOS gate structures;

forming a CESL spacer layer over an existing top surface of
said integrated circuit, including over said PMOS gate
structures and said NMOS gate structures;

performing an anisotropic reactive 1on etch (RIE) process

which removes said CESL spacer layer from top sur-
faces of said PMOS gate structures and said NMOS gate
structures and from portions of said existing top surface
of said integrated circuit between said PMOS gate struc-
tures and said NMOS gate structures, leaving said CESL
spacer layer on lateral surfaces of said PMOS gate struc-
tures and said NMOS gate structures so as to form sloped
CESL spacers which have a height of V4 to 34 of a height
of said PMOS gate structures and said NMOS gate struc-
tures;

forming a CESL over said PMOS gate structures and said

sloped CESL spacers on said lateral surfaces of said gate
offset spacers of said PMOS gate structures, said CESL
comprising silicon nitride, said CESL being free of reen-
trant surface profiles between said PMOS gate struc-
tures; and

forming a PMD layer over said CESL.

2. The method of claim 1, 1n which said step of forming said
CESL spacer layer comprises the steps of:

forming a first sublayer of silicon dioxide abutting said gate
offset spacers of said PMOS gate structures and said gate
offset spacers of said NMOS gate structures; and

forming a second sublayer of silicon nitride disposed on

said first sublayer.

3. The method of claim 2, 1n which said step of forming said
first sublayer includes a sub-atmospheric chemical vapor
deposition (SACVD) process.

4. The method of claim 2, 1n which said step of forming said
second sublayer includes a plasma enhanced chemical vapor
deposition (PECVD) process using silane and ammonia
gases.

5. The method of claim 2, 1n which said step of forming said
second sublayer includes a multi-station sequential deposi-
tion process.

6. The method of claim 2, 1n which:

said step of forming said first sublayer 1s performed so that

said first sublayer has a thickness of 3 to 7 nanometers;
and

said step of forming said second sublayer 1s performed so

that said second sublayer has a thickness of 12 to 17
nanometers.

7. The method of claim 1, 1n which said step of forming said
CESL spacer layer comprises forming a homogeneous layer
of silicon dioxide abutting said gate offset spacers of said
PMOS gate structures and said gate oflfset spacers of said
NMOS gate structures.

8. The method of claim 7, 1n which said step of forming said
homogeneous layer 1s performed so that said homogeneous
layer has a thickness of 15 to 25 nanometers.

9. The method of claim 1, 1n which said step of performing,
said anisotropic RIE process 1s performed so that said sloped
CESL spacers have a width of 5 to 15 nanometers at bottoms
of said sloped CESL spacers.

10. The method of claim 1, in which said CESL 1s a first
CESL and said step of forming said CESL 1s performed so
that CESL 1s formed over said NMOS gate structures and said
sloped CESL spacers on said lateral surfaces of said gate
ollset spacers of said NMOS gate structures, said CESL being
free of reentrant surface profiles between said NMOS gate
structures, and further comprising the steps of:
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forming a CESL etch mask over said first CESL over said
plurality of PMOS gate structures so as to expose said
first CESL over said plurality of NMOS gate structures;
removing at least a majority portion of said first CESL over
said plurality of NMOS gate structures while said CESL 5
ctch mask 1s 1n place;
removing said CESL etch mask; and
forming a second CESL over said NMOS gate structures
and said sloped CESL spacers on said lateral surfaces of
said gate oflset spacers of said NMOS gate structures, 10
said second CESL comprising silicon nitride, said sec-
ond CESL being free of reentrant surface profiles
between said NMOS gate structures, prior to said step of
forming said PMD layer.
11. The method of claim 1, 1n which step of removing said 15
source/drain spacers 1s pertormed with a wet etch of aqueous
phosphoric acid.
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